Cystinuria is a common recessive disorder of renal reabsorption of cystine and dibasic amino acids that results in urolithiasis of cystine. Cystinuria is caused by defects in the amino acid transport system b 0,þ (i.e. the rBAT/b 0,þ AT heteromeric complex). Mutations in SLC3A1, encoding rBAT, cause cystinuria type A, characterized by a silent phenotype in heterozygotes (phenotype I). Mutations in SLC7A9, encoding b 0,þ AT, cause cystinuria type B, in which heterozygotes in most cases hyperexcrete cystine and dibasic amino acids (phenotype non-I). To facilitate in vivo investigation of b 0,þ AT in cystinuria, Slc7a9 knockout mice have been generated. Expression of b 0,þ AT protein is completely abolished in the kidney of Slc7a9 À/À mice ('Stones'). In contrast, Stones expressed significant amounts of rBAT protein, which is covalently linked to unidentified light subunit(s). Stones mice present a dramatic hyperexcretion of cystine and dibasic amino acids, while Slc7a9 þ/À mice show moderate but significant hyperexcretion of these amino acids (phenotype non-I). Forty-two per cent of Stones mice develop cystine calculi in the urinary system. Calculi develop during the first month of life and grow throughout the life span of the animals. Histopathology in kidney reveals typical changes for urolithiasis (tubular and pelvic dilatation, tubular necrosis, tubular hyaline droplets and chronic interstitial nephritis). The fact that some Stones mice, generated in a mixed genetic background, develop cystine calculi from an early age, while others do not develop them in their first year of life, suggests the involvement of modifier genes in the lithiasis phenotype. Thus, Stones provide a valid model of cystinuria which can be used in the study of genetic, pharmacological and environmental factors involved in cystine urolithiasis.
INTRODUCTION
Cystinuria (OMIM 220200) is an autosomal-recessive disease of renal reabsorption and intestinal absorption of cystine and dibasic amino acids. Cystine precipitates in the urinary system to form calculi that produce obstruction, infection and, ultimately, renal insufficiency (1) . Two cystinuria phenotypes are distinguished on the basis of the cystine and dibasic amino aciduria of the obligate heterozygotes: (i) normal urinary excretion in phenotype I carriers; and (ii) moderate to high excess of urinary excretion in phenotype non-I carriers.
Mutations in SLC3A1, located on chromosome 2p16.3-21 and encoding rBAT, cause phenotype I cystinuria (2, 3) . The gene causing phenotype non-I cystinuria was assigned by linkage to chromosome 19q12-13.1 (4, 5) , and was identified as SLC7A9, encoding b 0,þ AT (6) . Mutations in SLC7A9 cause phenotype non-I and also some phenotype I cases (7) (8) (9) . In the cohort of patients studied by the International Cystinuria Consortium, mutations in SLC3A1 have been found in 74% of phenotype I alleles, and mutations in SLC7A9 have been found in 84% of phenotype non-I alleles and in 10% of phenotype I alleles (9) . Consequently, a genotypic classification of cystinuria has been proposed: type A, due to SLC3A1 mutations, and type B, due to SLC7A9 mutations (9) .
rBAT and b 0,þ AT form a heterodimeric complex in the brushborder membranes of the epithelial cells of the renal proximal tubule (10) . Expression of the rBAT/b 0,þ AT heterodimeric complex in cultured cells resulted in the induction of system b 0,þ amino acid transport activity (11) (12) (13) . System b 0,þ is an obligatory exchanger that mediates influx of dibasic amino acids and cystine, and efflux of neutral amino acids (for a review see 14) . The involvement of the rBAT/b 0,þ AT heterodimeric complex in cystinuria indicates that system b 0,þ is the main apical reabsorption system for cystine in kidney (10) .
The only proven clinical manifestation of cystinuria is urolithiasis. Hexagonal crystals appear in the urine and radiopaque cystine stones develop repeatedly in most cystinuric individuals. Cystinuria is diagnosed by demonstrating selective hyperexcretion of cystine and dibasic amino acids in urine. Urolithiasis is prevented by high fluid intake and alkalinization of urine to maximize cystine solubility. Patients who persistently develop stones are sometimes treated with oral sulfhydryl agents like D-penicillamine and a-mercaptopropionylglycine (15, 16) . Although quite effective, these agents have multiple side-effects that often cause discontinuation of treatment (17, 18) .
Natural models for cystinuria have been described. Cystinuria has been found in a cat (19) , in several breeds of dog (20) and in wolves (21) . The Newfoundland dogs form a group with more homogeneous biochemical parameters and known etiology. All of those analyzed have a nonsense mutation in canine Slc3a1 (22) . These species are, however, suboptimal for biochemical and genetic studies.
Reported here is the development of a mouse model for cystinuria type B. Homologous recombination was used to generate mice with a disruption of Slc7a9 in a mixed genetic background. All homozygous mutant mice show massive urinary hyperexcretion of cystine and dibasic amino acids, whereas heterozygotes show lower but clear hyperexcretion of these amino acids (phenotype non-I). About 40% of the homozygous mutants present cystine calculi (i.e. cystine stones) in the urinary system (bladder, renal pelvis and/or ureter). This strongly suggests that the lithiasic phenotype is affected by modifier genes.
RESULTS
Targeted disruption of the Slc7a9 gene and generation of Slc7a9 À/À mice A targeting vector that replaces 6.1 kb of Slc7a9 genomic sequence, including exons 3-9, with a neo 1 cassette oriented in the opposite direction to the endogenous Slc7a9 has been constructed (Fig. 1A) . Of 570 G418-gancyclovir-resistant ES cell clones analyzed, two demonstrated the appropriate recombination as confirmed by Southern blot analysis. Figure  1B shows the analysis of the three initial positives, one of which (clone 155) resulted from recombination only in the left homology arm. Clones 164 and 291 were used to generate chimeric founder mice. Heterozygotic mice from the F 1 generation were identified by PCR analysis and were crossed in order to obtain b 0,þ AT-deficient mice. An example of the PCR used to genotype all the generations is shown in Figure 1C . Of 280 F 2 mice genotyped, 59 were wild-type, 146 were heterozygous, and 75 were homozygous mutants, in accordance with the expected Mendelian ratios (w 2 ¼ 2.34; d.f. ¼ 2).
Genetic and biochemical analysis
To assess the correct splicing of the recombined alleles in target tissues, total RNA was isolated from kidney cortex and medulla, and from jejunum, of adult male Slc7a9 þ/þ , Slc7a9 þ/À and Slc7a9 À/À mice. Northern blot analysis (Fig. 2 ) showed two Slc7a9 mRNA species, the wild-type messenger of $1.9 kb and a new messenger of $0.9 kb generated from the recombinant allele by splicing between exons 2 and 10 (data not shown). Slc7a9 þ/À mice showed reduced expression of the wild-type mRNA in both tissues. Slc7a9 À/À mice showed no expression of this messenger, as expected. Conversely, the recombined mRNA appeared in Slc7a9 þ/À mice at half the dose found in Slc7a9 À/À mice. Elimination of exons 3-9 in the targeted allele (as confirmed by the sequencing of the RT-PCR product, data not shown) leads to a frameshift after amino acid residue 29 of b 0,þ AT, and the addition of 12 missense amino acids before the first stop codon. This would yield a truncated protein without any of the 12 putative transmembrane domains. Since b 0,þ AT forms a disulfide bound heterodimer with rBAT (10,13), the expression of both proteins in the presence and absence of DTT in mice from the three genotypes was studied. Western blot analysis of b 0,þ AT and rBAT in renal brush-border membranes is shown in mice. Indeed, densitometric analysis corrected by protein loading as determined by Ponceau S staining showed that the expression of b 0,þ AT protein in Slc7a9 þ/À mice was 24% of that in Slc7a9 þ/þ mice (20 and 28% in two independent determinations). In addition a band of $90 kDa of unknown nature was detected, both in the presence and absence of DTT. This band, which is not immunoprecipitated by the anti-b 0,þ AT serum (10) , is not revealed with the pre-immune serum and its expression is not affected by the Slc7a9 þ/À genotype (data not shown). In the same conditions, rBAT is revealed as a protein band of $94 kDa, which corresponds to the mature Nglycosylated monomeric form of the protein (11) . The expression of rBAT was only moderately reduced in Slc7a9 þ/ À mice (78 and 57% of that in Slc7a9 þ/þ mice, as described above). In contrast to b 0,þ AT, the rBAT protein was expressed, although clearly lower, in the renal brush-border membranes of genotypes in reducing conditions. The most striking result is that rBAT shows the characteristic mobility of the heterodimer in the absence of b
Urinary phenotype of Slc7a9 knockout mice
The diagnostic trait of cystinuria in humans is the urinary hyperexcretion of cystine, lysine, arginine and ornithine. To assess the correspondence of this phenotype in our mice, 24 h urine from the three mouse genotypes was analyzed. Slc7a9
mice showed massive urine hyperexcretion of cystine and dibasic amino acids (Fig. 4) . Thus, urine excretion of cystine, arginine, lysine and ornithine was between 76-and 267-fold higher in Slc7a9 À/À than in Slc7a9 þ/þ mice ( Fig. 4B and Table 1 ). The urine excretion of other amino acids was only slightly affected (if at all) in Slc7a9 À/À mice ( Fig. 4A , Table 1 and data not shown). Thus, the urine excretion of glutamine is 2-fold higher in Slc7a9 À/À mice than in Slc7a9 þ/À and Slc7a9 þ/þ mice. Slc7a9 þ/À mice also presented hyperexcretion of cystine and dibasic amino acids, but to a much lesser extent than Slc7a9 À/À mice (2-to 14-fold higher than in Slc7a9 þ/þ mice; Fig. 4B and Table 1 ). This pattern of urine hyperexcretion of amino acids is reminiscent of that reported in human classic cystinuria due to severe human SLC7A9 mutations (i.e.
phenotype non-I cystinuria) (6, 8, 9) . The urine excretion of cystine and dibasic amino acids in females showed a tendency to be higher (140-200%) than in males for the three phenotypes. This difference is significant for arginine excretion in Slc7a9 þ/þ and for the excretion of the three dibasic amino acids in Slc7a9 À/À mice. Plasma amino acid levels for the three genotypes are shown in Table 1 . The only clear difference between the three genotypes was found in Slc7a9 À/À mice, which showed a $30% decrease in plasmatic cystine and dibasic amino acids compared to Slc7a9 þ/þ and Slc7a9 þ/À mice. This decrease was significant for cystine and lysine. No differences were found for the other amino acids (Table 1 and data not shown). The hyperexcretion of cystine and dibasic amino acids with low to normal levels in plasma demonstrates the renal reabsorption defect for these amino acids in Slc7a9 À/À and Slc7a9 þ/À mice.
Lithiasic phenotype of Slc7a9 knockout mice
Similarly to human classic cystinuria (for review, see 1), cystine crystalluria ( 
Most cystinuric patients develop cystine calculi in the urinary system (9) . Slc7a9 À/À mice presented lithiasis in the urinary bladder, renal pelvis and ureter ( Fig. 5B-E) . In contrast, lithiasis was not observed in adult Slc7a9
Infrared spectroscopy revealed that calculi in the Slc7a9 À/À mice were composed of pure cystine (Fig. 5C ). Cystine lithiasis in the urinary bladder is a fairly common phenotype in Slc7a9 À/À mice. Thus, 41 out of 98 Slc7a9 À/À mice analyzed ($42%) developed cystine calculi in the bladder. No sex differences were observed (lithiasis in the bladder was observed in 44 and 41% male and female, respectively; w 2 ¼ 0.26; d.f. ¼ 1). Cystine lithiasis in the urinary bladder of Slc7a9 À/À mice was observed one month after birth and the size of the calculi increased with age (Fig. 6) . The proportion of animals with lithiasis was conserved throughout the life span of the animals (Fig. 6A) . Cystine lithiasis in the renal pelvis, ureter and male urethra is a less common phenotype: it was observed in six mice (four females and two males), one female and two males, respectively, out of the 41 lithiasic Slc7a9 À/À mice. Crystalluria and cystine urolithiasis are not directly related in Slc7a9 À/À mice. Thus, crystalluria was observed in eight out of 11 non-lithiasic Slc7a9 À/À mice and in 10 out of 11 lithiasic Slc7a9 À/À mice. The presence of calculi in the urinary system can produce renal obstruction ( Fig. 5D and E) . Eight out of the 41 lithiasic Slc7a9 À/À mice analyzed suffered hydronephrosis, hyperuremic shock or sepsis, produced by renal obstruction due to lithiasis in the urinary system between 2 and 13 months of age.
Histopathological analysis of the kidneys of 11 Slc7a9
À/À (with and without calculi) and three Slc7a9 þ/þ mice older than 4 months showed the following (Fig. 7A-H) : the four lithiasic Slc7a9 À/À mice presented either hydronephrosis or kidney calculi, all of them had severe tubular and pelvic dilatation, three presented tubular necrosis and chronic interstitial nephritis, and two presented tubular hyaline droplets. Of the seven nonlithiasic Slc7a9 À/À mice, three presented light chronic interstitial nephritis, two moderate pelvic dilatation, and one moderate tubular dilatation. None of them presented tubular necrosis or tubular hyaline droplets. None of the three Slc7a9 þ/þ mice studied presented any of these lesions. Several organs from 17 mice of 5-7 weeks of age of the three genotypes were also studied histopathologically. Skin, spleen, thymus, skeletal muscle, heart, lung, stomach, intestine, liver, pancreas, brain and eye from the 17 young animals were unaltered.
In cystine lithiasis the bladder increases its size ( Fig. 5D-F) . Thus, the weight of the bladder (mean AE SEM; n ¼ 7) was 33 AE 6 mg in Slc7a9 þ/þ mice, 42 AE 9 mg in non-lithiasic Slc7a9 À/À mice and 211 AE 32 mg in lithiasic Slc7a9 À/À mice ($6-fold higher than in the two other groups; P < 0.01). Preliminary comparison of the urinary bladder of Slc7a9 À/À mice with Slc7a9 þ/þ mice showed urothelial hyperplasia and chronic inflammation (data not shown).
Some lithiasic Slc7a9 À/À mice suffered sporadic weight loss, attributable to pain induced by obstruction and friction of stones. When weight loss and abnormal behavior were detected, mice were treated with analgesics until recovery or sacrificed. However, the weight progression of Slc7a9 À/À mice was not significantly different from that of Slc7a9 þ/À and Slc7a9 þ/þ mice (data not shown). 
DISCUSSION
Animal models of human diseases have proven their value for obtaining insight into pathogenic mechanisms and for testing therapeutic drugs and innovative treatment protocols. With both applications in mind we planned to generate a mouse model of cystinuria by targeted disruption of Slc7a9. Evidence that Stones, the knockout mouse described in this study, is a valid model of human cystinuria is based on the disruption of Slc7a9 gene, the deficiency in b 0,þ AT protein, impairment of the renal reabsorption of cystine and dibasic amino acids, cystine crystalluria and cystine urolithiasis.
Analysis of genomic DNA in Stones mice demonstrates the absence of the normal gene. The normal messenger is not present in any of the target tissues of Slc7a9 (i.e. kidney and small intestine). Instead, there is a smaller messenger, whose size and sequence correspond to an aberrant Slc7a9 spliced variant that would render a soluble protein of 41 amino acid residues (the first N-terminal 29 amino acid residues plus 12 missense amino acid residues). This is consistent with the finding that renal brush border membranes of Stones mice are totally deficient in b 0,þ AT protein.
The physiological proof of the impairment of cystine and dibasic amino acid reabsorption in the kidney of all Stones mice is the massive hyperexcretion of cystine and dibasic amino acids with subnormal levels of these amino acids in plasma. This hyperexcretion in urine may explain the low levels in plasma. Reduced levels of the four amino acids have also been reported in human cystinuria (23, 24) . Moreover, Stones mice present cystine crystalluria, as a result of the high urine excretion of cystine combined with its low solubility. Finally, Stones mice develop cystine calculi in the urinary system. Most calculi are located in the urinary bladder, where urine accumulates. Less commonly, calculi can also appear in the renal pelvis, ureter and male urethra. This lithiasic phenotype resembles that of human classic cystinuria. Indeed, the first cystine stone discovered was found in the urinary bladder (25) , and the most common location for calculi in patients with cystinuria is pelvi-calyceal. In humans, when cystinuria is symptomatic, cystine lithiasis occurs early in life (9). Thus, most symptomatic patients have their first calculus identified before the age of 20 (83%). This corresponds well with the early appearance, in the first 3 months of life, of calculi detected by radiography in Stones mice.
Lithiasis in Stones mice produces hydronephrosis, the characteristic consequence in humans (26, 27) and animals (28,29) of urinary outflow obstruction. This includes tubular and pelvic dilatation, tubular necrosis, tubular hyaline droplets and chronic interstitial nephritis. Some Stones mice died from complications from cystine lithiasis, like hyperuremic shock or sepsis.
The murine cystinuria described here strongly resembles human classic cystinuria type B with phenotype non-I (9). The urinary excretion of the affected amino acids in type B patients (i.e. those with two mutations in SLC7A9) is, compared with control individuals: 33-fold (cystine); 35-fold (lysine); 175-fold (arginine); and 74-fold (ornithine) (9) . Similarly, Stones mice excrete 76-fold (cystine), 216-fold (lysine), 267-fold (arginine) and 120-fold (ornithine) that of Slc7a9 þ/þ mice The higher hyperexcretion in cystinuric mice might be the reflection of a higher amino acid renal load. System b 0,þ is believed to be the main renal reabsorption system of cystine, whereas other transport systems should play a role in the reabsorption of dibasic amino acids, as discussed elsewhere (10) . Lysine shows the largest difference in amino acid hyperexcretion between cystinuric mice and humans. This suggests a more relevant role of system b 0,þ in the renal reabsorption of lysine in mice than in humans. Most type B carriers show an increase in the excretion of the four amino acids (phenotype non-I): 8-fold (cystine), 9-fold (lysine), 6-fold (ornithine) and 6-fold (arginine) that of control individuals (8) . Similarly, Slc7a9 þ/À mice excrete 14-fold (cystine), 3-fold (lysine), 2-fold (arginine) and 2-fold (ornithine) that of Slc7a9 þ/þ mice. In contrast, phenotype I human carriers do not hyperexcrete these amino Hyperexcretion of cystine and dibasic amino acids in the urine of homozygous mutant (À/À) and heterozygous mutant (þ/À) mice. Urine was collected from 12 animals (six males and six females) in each group for 24 h and processed for amino acid level quantification by HPLC. Amino acid levels [nmol/(24 hÁg body weight)] are shown on a logarithmic scale. Homozygous mutant (À/À) mice showed dramatic hyperexcretion of cystine and dibasic amino acids. Heterozygous mutant (þ/À) mice showed moderate hyperexcretion of these amino acids, which was significant for arginine, lysine and cystine. A more detailed description of the urine amino acid levels of these mice is given in Table 1. acids in urine (9) . The fact that hyperexcretion of dibasic amino acids in Slc7a9 þ/À mice is lower than in human type B heterozygotes suggests that mice are gifted with an excess of system b 0,þ function. Thus, 24% expression of b0, þ AT results only in a 2-fold excretion of these amino acids. Stones mice provide a useful model to study the biology of the rBAT/ b 0,þ AT heterodimeric complex. On the one hand, it has been shown that b 0,þ AT increases the stability of rBAT when overexpressed in cultured cells (11, 13) . In agreement with this, Stones mice, which are fully deficient in b 0,þ AT, showed reduced expression of rBAT in renal brush-border membranes. On the other hand, co-immunopurification studies showed that all b 0,þ AT in human and mouse renal brush-border membranes heterodimerizes with rBAT, whereas part of the rBAT protein heterodimerizes with unidentified light subunit(s) (10) . Our findings in Stones mice fully support these results, because in the absence of b 0,þ AT the remaining rBAT protein has the electrophoretic mobility of a heterodimer in renal brush-border membranes.
Stones mice also provide a useful model to study the mechanisms underlying phenotypes I and non-I in cystinuria. Mutations in either of the two subunits that form system b 0,þ (i.e. the rBAT/b 0,þ AT heterodimeric complex) probably explain all cases of human classic cystinuria (9) . All the mutations identified in rBAT, including mild and severe mutations with large SLC3A1 deletions, cause phenotype I in cystinuria (i.e. normal excretion of cystine and dibasic amino acids in heterozygotes) (9) . In contrast, most mutations of b 0,þ AT cause phenotype non-I (i.e. hyperexcretion of cystine and dibasic amino acids in heterozygotes), whereas mild b 0,þ AT mutations (i.e. with significant residual transport activity) cause phenotype I (8, 9) . Very recently it has been shown that b 0,þ AT is the 'catalytic subunit' of system b 0,þ AT (11). This indicates that severe mutations in the 'catalytic subunit' in heterozygosis have a greater impact on renal reabsorption than mutations in rBAT. Interestingly, patients homozygous for rBAT (type A cystinuria) or b 0,þ AT (type B cystinuria) show the same levels of hyperexcretion of cystine and dibasic amino acids (9) . In this scenario, Slc7a9 þ/À mice provide a new clue: the absence of b 0,þ AT results in phenotype non-I. In all, these data support the following hypothesis for a mechanism of physiopathology in cystinuria: (i) the amount of b 0,þ AT controls the expression of the functional rBAT/b 0,þ AT heterodimeric complex; (ii) the rBAT protein is produced in excess in kidney, and therefore an rBAT mutation in heterozygosis does not lead to hyperexcretion of amino acids; (iii) interaction with b 0,þ AT stabilizes rBAT, and the excess of rBAT is degraded; and (iv) a half-dose of b 0,þ AT, results in half-expression of rBAT/b 0,þ AT heterodimer, and therefore of the system b 0,þ reabsorption activity that causes hyperexcretion of cystine and dibasic amino acids.
Stones mice may show that modifier genes are involved in the development of cystine calculi. This possibility in human cystinuria is suggested by certain clues: (i) marked differences between siblings sharing the same mutations (i.e. one sibling can have very aggressive lithiasic phenotype while the other does not develop calculi) (30); (ii) in the cohort of patients of the International Cystinuria Consortium, 12 (three of them older than 40) out of 224 patients with cystinuria did not develop renal calculi (9); and (iii) even when the severity of SLC7A9 mutations can be correlated with the urinary excretion of amino acids in carriers (8) , renal stone formation cannot be directly correlated with amino acid urinary excretion in patients (9) . It therefore appears that, although mutations in the two known cystinuria genes are related to amino acid excretion, once a patient's urine becomes saturated with cystine, there are other factors, both environmental and genetic, that play a decisive role in calculi formation. A number of factors affecting renal calculi formation and evolution have been described for cystine and for other urolithiases (e.g. calcium oxalate lithiasis). These include the electrolyte urinary content, the presence of proteins like bikunin and other inter-alpha inhibitors (31) and osteopontin (32) . Analysis of Stones mice can help us to disclose environmental and genetic factors. All Stones mice analyzed showed hyperexcretion of cystine in urine, but only 82% developed crystalluria and only 42% developed cystine lithiasis. The reason why some Stones mice produce cystine calculi while others did not is uncertain, but the mixed genetic background (strains 129P2 and C57BL/6) of the mice could be contributory. We are currently providing À/À mice distributed by age in months. The volume of the cystine calculi was estimated from dorso-ventral and latero-lateral radiographs of the mice, by multiplying their greatest diameter in both radiographs (y-axis) by their lowest diameter in each of the radiographs (x-and z-axes). Calculi tend to grow throughout the life of lithiasic Slc7a9 À/À mice.
knockouts with a pure genetic background, by back-crossing heterozygous mice to C57BL/6J. When an appropriate generation is achieved, we will study the presence of calculi in the urinary system. A change in the frequency of lithiasis in Slc7a9 À/À mice with different genetic backgrounds will confirm whether modifier genes are involved in the cystine lithiasis phenotype. Mouse genetics will help to identify these genes. Human cystine calculi are removed by surgery and, in the case of recently formed calculi, by extracorporeal shock wave lithotripsy. Conservative treatment in patients with cystinuria combines increased oral fluid intake, reduction of sodium in the diet, moderate reduction of protein intake and urine alkalinization. Pharmacological treatment with thiols, although quite effective, is reserved for the most severe cases, due to the number and severity of their secondary effects (18, 33) . Lithiasic Stones mice will hopefully be useful for testing new therapeutic and metaphylaxis protocols for cystinuria.
MATERIALS AND METHODS

Generation of Slc7a9
À/À mice 15.4 kb of mouse Slc7a9 genomic DNA was isolated by screening a 129/SvJ library (Stratagene) using mouse Slc7a9 cDNA as a probe. Using this genomic clone and the pSP72 vector (Promega), a replacement vector was constructed (Fig. 1A ). This has a 2.8 kb left homology arm containing exons 1-2, a 1.6 kb PGK-neo cassette (in antisense orientation), a 2.9 kb right homology arm containing exons 10-11, and a 2.7 kb PGK-tk cassette. E14-1 embryonic stem (ES) cells (34) were electroporated (Biorad Gene Pulser at 500 mF, 240 V) with the PvuI-linearized targeting vector, and selected in a medium containing 170 mg/ml G418 (Life Technologies) and 2 mM gancyclovir (Syntex). Resistant ES clones were picked after 7-9 days of double selection, and cell clones were established. To screen for recombinant events, ES cell genomic DNA was digested with BamHI and analyzed by Southern blotting using a BamHI-KpnI probe upstream the left arm of homology. KpnI-digested DNA and a 3 0 -external probe (SE3 in Fig. 1A) were used for further analysis of positive recombinant clones. Slc7a9 heterozygous ES cells from two targeted clones were microinjected into C57BL/6J blastocysts, which were transferred into uteri of pseudopregnant CD1 females. Chimeric male progeny were crossed to C57BL/6J females (Charles River). Germline transmission of the disrupted allele was detected in the agouti progeny by PCR from tail-biopsy specimens. The same PCR was used to genotype subsequent generations. The forward primer (BreF: 5 0 -CTGTTCTG TTCTGACCAACTGAGGGGCA-3 0 ) is on the left homology arm. One reverse primer specific for the wild-type allele (NorR: 5 0 -GATACAGATGCCACTGAGAAGACCCACC-3 0 ) anneals to the deleted region, and another reverse primer specific for the recombined allele (RecR: 5 0 -ATTCGCAGCGCATCG CCTTCTATCGCC-3 0 ) anneals to the Neo gene. The expected sizes of wild-type and targeted alleles are shown in Figure 1C . Only clone 291 was successful in germline transmission. Analysis thus far has been carried out on the hybrid C57BL/ 6J-129P2/OlaHsd background. All animals were housed in the Animal Care Unit of the Institut de Recerca Oncològica (IRO; Barcelona) in accordance with animal care guidelines. All procedures were approved by the IRO Animal Use and Care Committee.
mRNA analysis
Mouse kidney cortex and medulla, and jejunum RNA were isolated from adult male mice using the Tripure Isolation Reagent (Roche), according to the manufacturer's directions. Aliquots of RNA were separated on a formaldehyde agarose gel and transferred to nylon, and Slc7a9 mRNA was detected with a 32 P-labeled probe. The probe was a PCR product from the Integrated Molecular Analysis of Genomes and their Expression (IMAGE) clone 578502. A portion of Slc7a9 cDNA (NM_021291) between positions 1337 and 1811 was amplified using primers P6oli12F (5 0 -GCTTAAAGTGCTCT-CCTACATC-3 0 ) and P6oli1R (5 0 -GGGCTACGAGTGAT-GGACCTT-3 0 ). RT-PCR analysis of the recombinant kidney mRNA was performed on Slc7a9 À/À mice. Reverse transcription was carried out with the First-strand cDNA Synthesis Kit (Amersham), according to the manufacturer's instructions. The cDNA was amplified with several primers, all of them yielding the expected sizes. The forward primers were: P6oli16F.2 (5 0 -GTCTTTCTATGTACCCCAAT-3 0 ) and P6oli1F (5 0 -ATG-AGAAATCCACCCACAGTA-3 0 ), and the reverse primers were P6oli1R
. PCR products were purified and sequenced with the same primers.
Protein analysis
Brush-border membrane vesicles of mouse kidney were prepared by the Ca 2þ precipitation method (35) . N-ethylmaleimide at 5 mM was present in all buffers used (except in the resuspension buffer) following Wang and Tate (36) , to prevent artifactual reduction/shuffling of disulfides. The membranes were kept at À80 C until use. Brush-border membrane vesicles were obtained from the cortex and medulla of adult male mice of the three genotypes from the F 2 generation. The protein content of the membrane preparations was measured by the method of Bradford (37) using g-globulin as a standard. Proteins were boiled in the presence or absence of 100 mM dithiothreitol (DTT), separated using SDS-PAGE (20 mg protein per lane), transferred and probed with a rabbit polyclonal anti-mouse b 0,þ AT antibody (10) and with a rabbit polyclonal anti-rabbit rBAT antibody MANR-X (38), followed by enhanced chemiluminiscence detection (Amersham) as described (10, 38) . As a loading control, the membranes were Ponceau S stained [0.5% (w/v) Ponceau S in 1% (v/v) acetic acid].
Urine and plasma collection and analysis
From each experimental animal, urine was collected in a mouse metabolic cage (Tecniplast) after a 2-day adaptation period. Twenty-four-hour urine from three consecutive days was collected and immediately frozen. Thawed urine was mixed with an equal part of 0.4 M homoarginine in 0.1 M HCl (as a standard for the HPLC analysis) and deproteinized by ultrafiltration through a 10 000 nominal molecular weight limit regenerated cellulose membrane (Millipore). For cystine analysis, urine samples of Slc7a9 À/À mice were diluted 20-fold to solubilize possible cystine crystals prior to the addition of the homoarginine standard. Blood was collected by cardiac puncture of anesthetized animals with a heparinized syringe. After a 5 min centrifugation at 1500g, plasma was recovered, mixed with the standard and deproteinized like the urine. This was done immediately after blood collection to prevent cystine binding to proteins. Quantitative analysis of amino acids was performed by pre-column derivatization with phenylisothiocyanate (PITC) followed by reverse-phase high-performance liquid chromatography (HPLC) in a Waters apparatus with a digital computer according to the Waters PICO-TAG procedure.
Calculi detection and analysis
Calculi in the urinary system were either detected by X-ray radiography (at 28 kV, 16 mA Á s) or detected and recovered during necropsy. Calculi composition was analyzed with an infrared spectrometer (Brucker), after mixing a fragment with KBr, pulverizing it in an agate mortar and pressing the mixture at 10 atm for 10 min.
Crystalluria
Crystalluria was detected in urine collected on a Petri dish after spontaneous voiding. Crystals were observed under an Olympus BX60 microscope, at a magnification of Â1000.
Histology
Animals were sacrificed by CO 2 and tissues were fixed with 4% paraformaldehyde O/N at 4 C. Paraffin sections of 4 mm were stained with hematoxylin and eosin or with periodic acidSchiff, examined and photographed with a light microscope Nikon Eclipse E-800 or a lens Leica MZ12 5 .
Statistical analysis
Data are expressed as mean AE SEM. One-way ANOVA, Bonferroni and Dunnett T3 tests were used to compare values between the different genotypes. Expected and experimental frequencies were compared by chi-squared test. The level of significance was set at P < 0.05.
